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Supersonic-compressor blade sections  haviK rounded leadiw edges 
wi th  an  8-percent mean t h i c h s s - c h o r d   r a t i o  and a so l id i ty  G f  about 2.5 
were incorporated  in a 16-inch-diameter  rotor and w e r e  tested-with and 
yithout-,&nide- vanes. The blades were  designed t o  have a thickkss-chord 

e t 4  of the  supersonic  portion of the blade sections and by f n c r e a s i x  
the turniw angles. 

ratio"g&afer- than previous  sections of this  type by a l te r ing  the geom- 

!The compressor w&s designed f o r  a pressure r a t i o  of 2.6 with an e f f i -  
ciency of 89 percent a t  an equivalent  weight flow of 29 lb/sec of air at  
the  design  t ip  speed of 1600 fps .  Because of mechanical d i f f i c u l t i e s   i n  
the test r ig ,  the tests  reported  herein were made only fn Freon-12. The 
tests covered a range of t i p  speeds from 51.3 t o  810 f p s  i n  Freon-12 
(70 percent t o  110 percent of design speed) which corresponds t o  a ran&e 
from 1130 t o  1760 fps  i n  air. 

The rotor  with guide vanes produced a pressure r a t i o  of 1.84 wlth an 
eff ic iency of 68 percent at a weight f lax of 48.4 lb/sec of Freon-12 at  
the  design  t ip  speed  of D O  fps.  Operating  without  guide  vanes, the rotor  
produced a pressure  ra t io  of 2.06 with an efficiency of 71.5 percent a t  a 
weight flow of 49.8 lb/sec of Freon-I2 which, when converted t o  air values 
by maintaining  the  efficiency  constant a t  71.5 percent, would yield a pres- 
sure r a t i o  of 2.18 and a weight flow of 27.5 lb/sec of air, Increasing 
the  thickness-chord  ratio  for  approximately  the same so l id i ty  results i n  
lower relative  total-pressure  recovery,  apparently a result of the increased 
boundary-layer  separation m c h  is caused by Larger turning and greater 
ra te  of area growth in the  subsonic  portion of the passage between blades. 

- 
r - 
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The operation of axial-flow supersonic  compressors has been shown 
both  theoret ical ly  and empir ical ly   to  be capable of producing a much 
greater  pressure rise per stage  than that of conventional  subsonic  designs 
(refs. 1 end 2). OP the several  types of supersonic  cmpressors  described 
in  reference 1, the one having  supersonic relative inlet veloci t ies  and 
deceleration through the speed of sowad i n  the rotor  w a s  the subdect of 
the present  investigation. Because the use of t h i n  blades introduced 
d i f f icu l t   s t ruc tura l   des ign  problems, the  shock-in-rotor  type of super- 
sonic compressors tes ted  60 far by the N a t i o n a l  Advisory Committee f o r  
Aeronautics were e i t h e r  shrouded or  designed t o  operate i n  Freon-12 gas 
which reduces  the  centrifugal force by a fac tor  of approximately 4. In  
an ef for t   to   increase  the prac t icabi l i ty  of this type of supersonic com- 
pressor, the factors  leading  to  increased thickness-chad r a t i o  w e r e  ana- 
lyzed from two-dimensional-flow considerations. It waB found that an 
increased   th ichss-chord   ra t io  was obtained by increasing the total 
turning  angle, the proportion of turning i n  the supersonic  section of the 
blade  passage, and the rate of area growth in the subsonic  portion of the 
blade  passage. In order  to  evaluate the performance of blade sections 
having a greater thickness-chord  ratio  than previous designs of this type 
(8 percent as comgared with 4 percent at the mean radial station  reported 
i n  ref. 31, a rotor  incorporating these thicker  blades was designed and 
constructed  to be tested i n  air. 6 

The rotor  was designed t o  produce a pressure  ra t io  of 2.6 and an 
efficiency of 89 percent a t  a t i p  speed of 1600 as In air with a weight 
flow of 29 lb/sec of air. However, because of the inab i l i t y  of the gear- 
box bearings t o  withstand the  high  temperatures  obtained at the high rota- 
t i ona l  speeds, all performance tests had t o  be made i n  Freon-12 which per- 
mitted t e s t ing  at about one-half the rota t iona l  speed  required f o r  air. 
Tests were, therefore, made through a range of equivalent   t ip  speeds from 
515 t o  810 f p s  (70 percent   to  U O  percent'of  design  speed)  in Freon-12. 
The rotor  blades were designed with sharp leading  edges but, in the ini- 
tial stages of testing, these sharp lec td ing  edges were damaged becsuse of 
malfunction of the th ro t t l e .  Consequently, a radius was machined on the 
leading edge of each  rotor blade. The e f f ec t s  of rounding  the  leading 
edges of the  blades cannot be fully evaluated  unt i l  results of tests are 
obtained f o r  the or ig ina l  sharp leading-edge  design. Tests to   ob ta in  these 
data have  been initiated. 

The preeent  investigation w&8 conducted by the Supersonic Coxugressor 
Section of the Conrpressibility  Research  Division at the Langley Laboratory. 



NACA FU4 ~ 5 3 ~ 1 6  

c 

3 

a 

M 

P 

P 

T 

t 

AT 

rn' 
U 

v 
w 
P 
6 

velocity of sound, f p s  

Mach number, ratio of flm velocity to velocity of sound, V/a 

total or stagnation pressure, lb/sq ft 

static pI'e68W, 1b/6q ft 

total or stagnation  temperature, OR 

static tenperat-, OR 

measured  stagnation-temperature r ise ,  % 

isentropic  stagnation-temperature rise, OR 

rotational  velocity of blade e m n t  at any radius, fps 

velocity of fluid, f p s  

weight flaw, lb/sec 

angle  between exfal direction and flow direction, deg 

ratio of actual inlet total pressure to standard  sea-level 
p re s sure, p 0 / 2 ~ 6  

ratio of specific  heats 

adiabatic  efficiency, N. /m 

ratio of actual W e t  stsgaation  temperature to standard  sea- 
level  temgerature, ~,/518.4 

turning angle, rotor coordinates, deg 

density,  slugs/cu  ft 

relative  total-pressure  recovery 

equivalent weight flow, lb/sec 
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Ut@ equivalent t i p  speed, f?ps 

Subscripts : 

a axial 

0 settling chamber 

1 rotor  entrance,  stationary  coordhates 

2 rotor  entrance,  rotor  coordinates 

4 rotor  exit, rotor  coordinates 

5 rotor  exit, stationary  coordinates 

Rotor Design Requfrements 
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The general design specifications f o r  the caupresaor were the same 
as f o r  those reported in references 2 and 3 and are outlined belaw: 

T i p  diameter, in. . . . . . . . . . . . . . . . . . . . . . . . . .  16 
Hub-tip  diameter r a t i o  . . . . . . . . . . . . . . . . . . . . . .  0.75 
Axial Mach number at entrance to rotor  . . . . . . . . . . . . . .  0.80 
Tip  speed in air at etandanl condltions, f p e  . . . . . . . . . . .  I600 
Prerotation upstream of rotor . . . . . . . . . . . . .  L i t t l e  o r  none 
Mach number leaving rotor . . . . . . . . . . . . . . . . . .  Subsonic 

'.u The guide-vane turning distr ibut ion was selected t o  give constant, 
radial, relative inlet Mach numbem and t o t a l  pressure. The rotor  was 
designed for nearly constant radial work input. The turning-angle distri- 
bution  associated with constant work input results in 8 decreasing thick- 
ness from root t o   t i p  because the  thickness is a function of the  turning 
angle for a given chord length. 

The rotor  exit condltions at the mean diameter were obtained  with 
the following ass.Kf4?tiollEl: 

(1) Diffusion to a re lat ive  rotor  exit Mach numkr M4 of 0.75. 
Although previous designs were Wed on a relative exit Mach number of 
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0.80, it was f e l t  that better diffusion was possible when based upon 
results in  reference 3 where a r e l a t ive   ex i t  Mach  number of 0.70 was 
obtained  although a design  value of 0.80 was used. 

b 

(2) Relative  total-pressure loss equal   to  that through EL normal 
shock a t  the entrance Mach  number r e l a t i v e   t o  the blades. 

(3)  A rotor  turning  angle of 160. 

The turning angles at the t i p  and root  sections w e r e  then  selected 
t o  s a t i s fy  the ro to r   ex i t  Mach nuuiber condition, hold the e x i t   t o t a l -  
pressure m i a t i o n   t o  a minimum, and maintain sFmple radial equilibrium 
at the   ex i t  of the rotor .  

Velocity  diagrams for this design are presented i n  figure l(a) f o r  
air. The expected mean va lues  of total-pressure  ra t io ,   eff ic iency,  asd 
weight flow are 2.6, 89 percent, and 29 Ib/sec of air, respectively. 
Because all tests were  made in Freon-=, the  velocity diagrams f o r  air 
have been  converted t o  estimated Freon-I2 values and are presented i n  
figure l ( b ) .  This  conversion  produced mean values of total-pressure 
rat io ,   eff ic iency,  and weight flow of 2.66, 89 percent, and 54 lb/sec of 
Freon-12, respectively. 

- Blade-Section Design 

The desi& method of the blade sections was  basical ly  similar t o  
that reported in reference 3. However, in   order   to   obtain  thicker   blade 
sections, sane modifications w e r e  made. These modifications  primarily 
consisted of introducing  expansion waves (B t o  C, f i g .  2 )  downstresm of 
the entrance  region, as contrasted  with the use of compression waves i n  
reference 3> and completing as much of the turning as possible  superson- 
i ca l ly  i n  order  to  increase  the  thickness of the leading-edge region and 
reduce the poss ib i l i ty  of separation  generally  associated  with a hrce 
ra t e  of turning in the subsonic  portion. In order   to   obtain a thickness- 
chord r a t i o  on the  order of 8 percent, the so l id i ty  was limited t o  
about 2.5. 

T e s t  Apparatus 

The supersonic-cnmpressor test  stand was designed i n  accordance  with 
NACA standards (ref. 4) .  A sect ional  v i e w  of the test r i g  is shown i n  
figure 3 and a photograph of the setup  appears  in figure 4. Uniform, 
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low-turbulence  flow at the rotor  is  ensured through the use of three 
100-mesh screem just ahead cf the settling chamber in conJunction  with 
an area reduction of 20 t o  1 frm the   cy l indr ica l   se t t l ing  chamber t o  
the annular test  section. Downstream of the rotor  the f l u i d  is diffused 
by a radial, vaneless diffuser. Two a i r c rd t - type   r ad ia to r s  are used t o  
remove the heat from the circulat ing f lu id .  A d m - t y p e  throt t le   valve 
with a but te r f ly  vane on the upstream face is  used to   con t ro l  the exit 
pressure. "he th ro t t le   cons is t s  of two concentric  perforated  cylinders, 
the inner stationary and the outer  rotated by an electr ic   actuator .  The 
but te r f ly  valve is  geared t o  the outer  cylinder so that it I s  closed when 
the concentric holes  are about half closed. This condition  produces very 
sensitive throt t le   control .  A calibrated  Venturi  tube is incorporated 
between the throttle and s e t t l i n g  chamber. A honeycomb grid composed of 
c e l l s  measuring 11 by 11 by 7 inches having a &-mesh screen a t  both ends 
is used just before the Venturi  tube t o  reduce the  turbulence and s w i r l  
of the fluid  enter ing the tube. 

2 2 

The rotor was driven by a 1,000-horsepower induction  mtor  incorpo- 
ra t ing a magnetic coupling device f o r  speed  control. A three-shaft gear 
box having a r a t i o  of 15 t o  1 was used t o  increase the rotat ional  speed 
t o  a maximum value of 26,000 rpm. 

Test Cmgreesor 

The rotor  was designed t o  have 46 blades and a rotor  hub width of 

d- inches. Two-dimensional blade sections were l a i d  out f o r  each of the 
three radial stat ions.  The resulting rotor  blade eections have thickness- 
chord r a t io s  of 9 percent a t  hub, 8 percent at pitch, snd 5 percent at 
t i p  based upon chord hngth  of sharp leading-edge blades. The ordinates 
of the three sections are presented in t ab le  I. The rotor   disk was 
machined f ram 14s-T aluminum-alloy forging and the rotor  blades from 
7 3 2 "  aluminum-alloy bar stock. The blades were held in the  rotor by a 
f i r - t r e e  method of at tachmnt and were ulre-locked in place. A minhuum 
t i p  clearance of 0.015 inch under s ta t ic   condi t ions was m i n t a b e d   f o r  
all tests. 

32 

The guide y e s ,  which w e r e  cas t  frm tin-bismuth, were located 
upstream of the rotor  between an annulus of constant Inner and outer 
radii whose area m s  141 percent  greater than that lmnediately ahead of 

the rotor  in order   to  reduce the poss ib i l i ty  of choking the flow at the 
vanes. Twenty guide vanes, ha- a so l id i ty  of 1.5, were used. The 
guide-vane details are presented i n  figure 5.  Downstream s ta to r s  were 
not employed. 

4 
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During preliminary runs in air, strain gages were mounted on four 
rotor  blades t o  determine the vibratory stress. The s t r a i n  gages were 
located at the point of maximum strain 8s determined by a previous bench 
tes t  using a tuned column of compressed air t o   d r i v e  a f ixed blade. In 
a prel ininary  rotor  test, a maxbrm vibratory stress of about 3,000 lb/sq. in. 
was recorded a t  a t i p  speed of 1,600 f p s  in  air. A photograph of the test 
rotor  with strain gages attached  appears in figure 6. 

During the tests t o  & t e e  the vibratory stress, malfunction of 
the t h r o t t l e  caused the tln-bismuth guide vanes t o  melt and resulted in 
damage t o   t h e  sharp leading edges of the rotor  blades. Therefore, a 
leading-edge radius of 0.010 inch, which faired in to  the or ig ina l   ou t l ine  
of the blade section, was machined on each  blade as shown i n  table I. 

Although a speed  of 1,600 fps  w&s attained f o r  the strain-gage tests, 
the gear-box  bearfngs of this ins t a l l a t ion  were unable t o  KLthstand the 
high temperatures associated xith the high speeds &ad, therefore, the test  
program w a s  carried  out  in hon-12. 

Instrumentation 
5 

The compressor test r i g  wa6 inst rmentated 88 recammended in refer- 
ence 4. A sect ional  v i e w  and a photograph showing the locations of the 

t ive ly .  Four s ta t ic-pressure  or i f ices  spaced 900 apart  i n  the settling 
charnber were used t o  measure the t o t a l  pressure. Four thermocouples were 
located in the   s e t t l i ng  chamber at the area centers of equal areas t o  
determine the entrance  stagnation temperature. I n  order   to  determine the 
flow angles  entering the rotor, a radial survey behind the guide vanes 
was made at 80 and 100 percent of design speed with a claw-type yaw 
instrument. 

* instruments  in the region of the rotor  appear i n  figures 7 and 8, respec- 

Flow conditions behind the   rotor  were de t edned  by means of a ca l i -  
brated combination  pitot-static-yaw survey probe, shielded total-pressure 
rakes, and shielded total-temperature  rakes  located  approximately 3/4 inch 
behind the trailing edge of the rotor  hub. A photograph of these instru- 
ments appears i n  figure 9. All temperatures were indicated on a conmercial- 
type self-balancing  potenticmeter. All pressures were measured by a 
multiple-tube mercury manometer b o d  and were recorded simultaneously by 
photographing the manometer. 

Automatic control valves were used t o  maintain  comtant, preset values 
of settling-chamber pressure and temperature during t e s t  m s  by control- 
ling the ra te  of flow of supply Freon-I2 and cooling  water. 

The rotor  speed vas measured by a cammercial stroboscopic tuning- 
fork  controlled  Instrument. 
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The velocity of sound in the Freon-I2 air mixture was measured by 
e,n instrument similar t o  that described i n  reference 5 .  Fra t  this 
measurement the proportions of the gas constituents and the physical 
character is t ics  of the mixture were determined. 

Testing  Procedure 

In general,  the  procedure  followed in operating the compressor con- 
s i s ted  first of obtaFning the desired  rotational speed  untbrottled and 
then  increasing the back pressure by arbitrary i n c w n t s   u n t i l  fuYy 

. .  . 

whichl-surge o c c q d .  The throttlk was.-.t&n  openid- cbnig1etel.f and the 
process  repeated-&tfl a point  very near the surge  point was reached. 

-- - . .  

Data were taken a t  each t h r o t t l e  setting t o  determine  the  over-all 
compressor characterist ics  with the survey  probe held at the meam aunular 
radius t o  measure the  flow  parameters a t  that station. A r ad ia l  survey of 
pressures and angles was  rnade only at fully throttled  conditions. 

Tests of the  rotor with and without guide vanes were made over a 
range of equivalent t i p  speeds from 515 t o  810 f p s  in Freon-=. The 
settling-chamber  pressures  varied frm 0.15 atmosphere for high-speed 
runs t o  0.50 atmosphere f o r  low-speed runs with a corresponding variation 
of h-eon-12 puri ty  from about 92 t o  96 percent by volume. 

Reduction of Data 

!The rotor   character is t ics  were detexmined i n  the foll&ng manner: 

(1) The weight flow was  measured by a calibrated  Venturi  tube. 

(2)  The to ta l   p ressure  and temperature behind the rotor  were deter- 
mined from an arithmetical  average of radial total-pressure and tempera- 
ture measurements made by the f ixed rakee. 

For radial survey run6 employing the pitot-static-yaw  survey probe, 
the rotor   character is t ics  were determined fran mass-weighted  messurements 
as described i n  appendfx B of reference 2. The average values of 1.nle-t 
and out le t  mass flow as determined from survey measurelzdelrts were ord ina r -  
ily within 2 percent of that memured by the Venturi  tube. There were 
occasional  differences of as great as 8 percent,  generally  with  the  out- 
l e t  f low higher  than the Fnlet. A U  values of weight flow presented are 
those measured by the Venturi tube. As indicated i n  reference 3, t w o  
nmethals were used t o  determine the work input of the rotor, one based 
upon measured total-temperature  riee and the other based upon mamenturn 
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change across the rotor.  All values of efficiency  presented are those 
based upon temperature-rise measurements.  These eff ic iency values were 
consistently 1 t o  5 percent  lawer  than  those  obtained from momentum- 
change  measurements. 

For  comparison purposes,  the  rotor  characteristics were converted 
t o  corresponding  values  for air by assuming t h e  same efficiency i n  a i r  
as that obtained  in  Freon42 and sFmilar veloci ty   t r iangles .  

RF,SULTS AM) DISCUSSION 

Rotor With Guide V a n e s  

Over-all  performance.- The over-al l  performance  of the  rotor  oper- 
ating with  guide vanes over a r u e  of equivalent  tip  speeds from 30 per- 
cent below design t o  10 percent above design is presented  in figure 10 in 
terms of adiabat ic   eff ic iency and equivalent  weight  flow as  functions of 
total-pressure  ra t io  at constant  speeds. At the design t i p  speed of 
730 fps,  a total-pressure  ra t io  of 1.84 and an efficiency of 68 percent 
at a weight  flow of 48.4 Ib/sec of Freon-12 were measured. A t  design 
speed,  the mass flow was independent of back pressure  (fig.  10(b)) which 
fndicates a started  condition. As explained  in  reference 1, a s ta r ted  
condition  exists when the veloci ty  In the throat  is supersonic so that 
the flow ahead of the rotor  cannot be affected by back pressure  unt i l  the 
n o m 1  shock is forced  upstream  through the throat .  A t  speeds above 
design  the  weight flow was reduced with increasing back pressure, similar 
t o  speeds below desi-, which i s  indicative of operation  with a strong 
normal shock ahead of the rotor.  Previous shock-in-rotor  compressors have 
always stalled when the normal shock moved out of the rotor-blade  passage 
after once having been started. The blade sections tested herein at 
speeds above design  apparently produce a higher static-pressure rise and 
higher  relative  total-pressure  recovery when operating  with a strong nor- 
mal shock ahead of the blade sections t h  when the normal shock is located 
at the most forward stable posi t ion within the blade passage. The move- 
ment  of the  strong normal. shock ahead of the blade passage due t o  a change 
of  back pressure  causes a smal l  decrease in mass flow. 

Rotor-blade-element  performance.-  VarFatfon of several   rotor  param- 
eters at design speed and maximum eff ic iency are presented  in figure 11 
as functions of radial position. The estimated  curves were obtained by 
converting  the  original air design  values t o  Freon-12 by assuming the 
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saphe relative entrance and exit Mach numbers and flow angles at the mean 
radial s t a t ion  and the 8ame relative entrance and discharge  angles at the 
root and t i p .  (see appendix of ref. 3 ) .  

The difference between the values of total-pressure  ratio  obtained 
from the survey probe  and the fixed rakes ( f ig .  l l ( a ) )  is believed t o  be 
due t o  guide-vane wake interference and is a function of instnmrent  loca- 
t ion  s ince measuremexxts taken either ent i re ly   out  of the  wake or   en t i r e ly  
i n  the wake will produce over-all results which are too high o r  too low, 
respectively. 

Since the ef fec t  of  guide-vane wake  was not  realized at the  outset  
of this   invest igat ion,  only a f e w  arbitrary posit ions ere selec ted   for  
measurements. In obtaining weighted results, three computations were 
made: one using measurements from the  survey  probe, one us- faired 
values  obtained from masurements frm the f Fxed rakes, and one using 
values from an arb i t ra ry  curve as a possible maxirmrm total-pressure ratio 
RS indicated by the dashed line in figure =(a). These results are pre- 
sented as flagged symbols in figure 10 and show a ?-percent  variation  in 
total-pressure  ra t io  and a corresponding  6-percent  difference i n   e f f i c i -  
ency between the weighted values. Because of the variat ion a t  the design 
point,  not only between the weighted values but also  between the weighted 
and arithmetical  values, it is believed that the characteristic  curves 
are not  necessarily  correct  because of insufficient  circumferential  meas- 
urements. H o w e v e r ,  it was f e l t  that further invest igat ion  into guide- - 
vane wake interference vas not feasible at this time. For future  inves- 
t iga t ions  of this type of ro tor  with guide  vanes,  care mu6t be exercised 
t o  make pressure measurements at a suff ic ient  number of circumferential 
pos i t ions   to   ob ta in  valid results. 

Although measurements of the flow behind the  rotor  eze questionable, 
the flow parameters  can s t i l l  be used to   indicate   the  re la t ive magnitude 
of the  blade-section performance. The exit Mach numbers, turning  angle, 
and flow  angle  leaving  rotor agree f a i r l y  well with the estimated values 
only at the mean radius. However, the relative  total-pressure  recovery 
P4/P2 is  lower by about 16 percent at the man radius than that f o r  a 
normal  shock at the design relative entrance Mach number, thus causing 
lower than  estimated values of t o t a l -  and static-pressure rise across 
the  rotor.  

The flow angles downstream of the guide vanes were f ram bo t o  llo 
off design in such a direct ion as t o  reduce the relative Mach llLmiber and 
air inlet angle t o  the rotor.  However ,  the f lar  angle intr the rotor  i s  
actual ly  frm 10 t o  5 O  greater than that predicted  because of lower axial 
velocity  into  the  rotor,  as evidenced by lower than  estimated weight flow. 
Therefore, the rotor  is operating at a positive  angle of attack, which is 
defined f o r  supersonic  canrpreseors as being the angle between the rela- 
t i v e  upstream undisturbed flaw direct ion and the entrance  auface * 
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(AB in f i g .  2). previous  supersonic-rotor test  results (refs. 2 and 3)  
have exhibited the s m  character is t ic  of operation with amall angle of 
a t tack which shows a departure framthe two-dimensional analysis of 
reference 1. 

The relative total-pressure  recovery,  exit Mach number, and elemen- 
tal mass flow are greatest  in the region mar the hub. Apparently, the 
inward flow  necessary to maintain simple radial equilibrium near the 
e x i t  of the passage i n  e f f ec t  reduces the rate of diffusion which reduces 
the extent of the boundary-layer  separation normally present in the pas- 
sage of such rotors and, consequently, results in  higher r e l a t f v e  t o t a l -  
pressure  recovery. 

Rotor Without Guide V a n e s  

Over-all performance.-  Since previous results of supersonic  rotors 
(refs. 2 and 3)  indicated higher total-pressure  ratios and eff ic iencies  
without guide v&nes, it was decided t o  t e s t  this  rotor  alone. 

The over-all performance af the rotor  operating  without  guide vanes 

i n  terms of adiabatic  efficiency and equivalent weight flow as functions 
of total-pressure  ratio at constant speeds. The data f o r  the t i p  speed 

i n  reading the curves. A t  the des ign   t ip  speed, a total-pressure  ratio 
of 2.06 and an efficiency of 71.5 percent a t  a weight flow of 49.8 Ib/sec 
of Freon-12 were measured. H a w e v e r ,  th i s  maxirmrm total -pressure  ra t io  
was not always reached  without  surge.  Occasionally, a discontinuity 
occurred at a total-pressure r a t i o  of about 1.8 at wfiich point the rotor  
exhibited the character is t ics  of surge. A further increase  in  back pres- 
sure usually, but not always, returned the rotor  to & smooth operating 
condition until the stall point was reached. Changing the system pres- 
sure and temperature wtthin the operating range of the equipment yielded 
no reproducib le   pa t te rn   to   a t t r ibu te  thfs phenomenon to a Reynolds num- 
ber  effect .  The reason  for this discontinuity is not understood and, 
therefore, no explanation is  attempted  nor  can any prediction be made as 
t o  whether it will occur i n  other  rotors.  In general, however, the  rotor 
alone exhibited  characterist ics similxr t o  those with guide vanes, that 
is, constant mass flow at design speed and at speeds above design 
decreasing mass flaw with increasing back pressure. 

" over the 8- speed range as with guide vanes is presented in   f i gu re  12 

. of 770 fps  are not shown in figure U ( b )  in  order  to  prevent  confusion 

Rotor-blade-element  performance.- A variat ion of several   rotor param- 
eters a t  design speed and maximum efficiency is presented in figwe 13 
as functions of radial position. Good agreement was obtained between 
rake and survey-probe total-pressure  masurements as shown. Since  instru- 
ment locations w e r e  ident ica l   for   the  two series of runs, the poor  agree- 
ment between the two methods of measuring to ta l   p ressure  behind the rotor 
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with guide  vanes,  therefore, is attributed t o  guide-vane interference 
e f fec ts .  The mss-weighted  total-pressure  ratio  across the rotor  is i n  
excellent agreement with that obtained by an arithmetical  average as 
shown i n  f igwe 12. 

The relative  total-pressure  recovery  (fig. 13) is  about 9 percent 
lower than that estimated  but 7 percent higher than that obtained with 
guide  vanes f o r  the same re la t ive  exit Mach  number resulting in higher 
s t a t i c  and t o t a l  pressures a t  the man radius than were obtained  with 
guide  vanes. The relative total-pressure  recovery  can be seen t o  be an 
inverse  function of re la t ive  inlet Mach number. Thus, the relative t o t a l -  
pressure  recovery  without  guide vanes was higher at the root because of 
lower inlet Mach number and conversely at the t i p  with a greater  over- 
a l l  variation  for  the  configuration  without  guide vanes. The re la t ive  
total-pressure  recovery is, in general,  lower  than that obtained frm 
the unshrouded rotor  of reference 3 by about 4 percent at the roo t   t o  
about 12 percent at the t i p .  Because the inlet Mach numbers a3ld so l id i ty  
are approximately the same f o r  the two unshrouded rotors  operating with- 
out guide vanes, the blade  sections of greater  thickness-chord  ratio have 
poorer  relative  total-pressure  recovery  characterist ics that are princi-  
pa l ly  due to  the  increased  boundary-layer  separation which is  caused by 
the larger  turning and the  greater rate of area growth in the subsonic * 
section of the blade. 

The spanwise var ia t ion of flow angle in to   ro tor  (fie;. 1 3 ( ~ ) )  1s SM- . 
lar t o  that noted when operating  with  guide vanes, that is, increasing 
toward the t i p .  Because the geometry of the blade is fixled, the spanwise 
var ia t ion of angle of attack is similar for  both  operating  condition6 of 
the rotor.  The average angle of a t tack is greater  than that measured 
with  rotors  reported In references 2 and 3.  This result i s  at t r ibuted 
t o   t h e  rounded leading edges of the blades  causing a ccarrpression-expansion 
wave p a t t e r n   t o   e x i s t  upstream of the  blades which reduces  the mass flow. 

The radial variat ion of the absolute  discharge flow parameters is 
similar t o  those  obtained with guide vanes. 

The e f f ec t  of back pressure upon the colnrpressor character is t ics  at 
the mean rad ia l   s ta t ion  at design speed is presented in figure 14 a8 
functions of total-pressure  ratio.  The inlet conditions are independent 
of t h ro t t l i ng  as expected. The re la t ive  exit Mach n m k r  decreases  with 
increasing back pressure in a manner observed i n  supersonic  diffuser8 as 
the no& shock in  the passage is  moved f0ru'm-d; however, the re la t ive  
total-pressure  recovery remains fairly constant which is contrary  to  
usual results of convergent-divergent  eupersonic diffusers. Thfs condi- 
t i o n  may, in part ,  be a t t r i b u t e d   t o  the rapid area expansion as evl- 
denced by the average  passage,  equivalent  conical-expansion angle of 7.k0 
as compared with approximately 30 conventioxmlJy used for supersonic 
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diffusers.  In  addition,  the  radial-flow  accelerations  within the blades 
a c t   t o  reduce the  relative  total-pressure  recovery  to values less than 
those measured in  conventional  diffuser tests. 

The d i f fuser  performance of the pi tch  sect ion as a function of rela- 
tive inlet Mach  number is shown i n  figure 15. The data were obtained a t  
the maximum total-pressure-ratio  condition over the range of speeds  tested. 
The relative  total-pressure  recovery  decreases very rapidly at inlet Mach 
numbers above 1.4 and t he   ab i l i t y   t o   d i f fuse ,  as evidenced by the  value of 
the  relative e x i t  Mach number, a lso  decreases  rapidly at Mach nmibers 
above 1.4.  

The ro tor   charac te r i s t ics  of tests made without @de vanes h v e  
been  converted t o  corresponding values f o r  air and are presented  in  f ig- 
ure 16. A t  the des ign   t ip  speed of 1,600 fps ,   the   rotor  would produce & 
total -pressure  ra t io  of 2.18 wfth an equivalent weight  flow of 27.5 Ib/sec 
of air (efficiency assumed t o  remain constant a t  71.5 percent). 

CONCLUSIONS 

1. The rotor  operating with guide  vanes  produced a total-pressure 
r a t i o  of 1.84 with an efficiency of 68 percent at a weight  flow of 
48.4 lb/sec of Frecn-L2 at d e s i m   t i p  speed. 

2. The rotor  operating  without guide vanes produced a total-pressure 
r a t i o  of 2.06 with an efficiency of 71.5 percent at a weight  flow of 
49.8 lb/sec of Freon-12 which, when converted to  correspondin&  values 
f o r  air, would be 2.18, 71.5, and 27.5, respectively. 

3.  A t  speeds above desim  for   both  configurat ions,   the  mass flow 
decreased  wfth  increasing back pressure which indicated  operation  with a 
strong normal shock ahead of the  rotor.  

4. The relat ive  total-pressure loss was greater  than that estimated 
which was taken t o  be equa l   t o  that across a normal shock f o r  the relative 
i n l e t  Mach number. Increasing the thickness-chord  ratio of rotor blade 
sections  for  approximately the same so l id i ty  results i n  lower re la t ive  

is due t o  increased  boundary-layer  separation which is  caused by l a rger  
turnins  angles and by a greater  rate of area growth in  the  subsonic  por- 
t i o n  of the  passages. 

- total-pressure  recovery.  Apparently,  this  lower  total-pressure  recovery 
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5.  The results with guide vanes are questionable  in that a circum- 
f e r e n t i a l  variation of to ta l   p ressure  m s  noted which is a t t r i bu ted   t o  
guide-vase wake since good agreement of circumf'erential  total-pressure 
measurements was obtained  without guide vanes. 

6. The rotor  operated at a greater  angle of attack  than  previous 
supersonic  rotors  investigated because of an upstream bow-wave pat tern 
which results from the rounded leading  edges of the blades. 

Langley  Aeronautical  Laboratory, 
National Advisory Conrmittee f o r  Aeronautics, 

Lanzley Field, Va . ,  JULY 7, 1953. 
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TABLE I. - BLADE ORDINA!ES 

(a) Root section (6-inch radius). 

rota t ion  

R o o t  chord lina 

.798 
,931 
.997 

1.063 
1.196 

1.3% 
1 A65 
1.595 

1 e 3 2 9  

I ,728 
1.777 
1.841 I 1.994 1 2,127 
2 -393 
2.526 

I 

0 
.a5 
0090 
rn 135 
.155 
-173 
.I88 
.202 
e 2 3 0  
-258 
-270 
,273 
,272 
,268 
,263 
.258 
,246 
.228 
219 

,205 
,180 
.151 
,120 
.os5 
e 4 7  
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TAXE 1- - BLADE ORDINATES - C m t W d  

(b) Pitch eection (7-inch d i m > .  

Leading edge of rotor hub 

' \ ? I  1.223 / 

TI 
0 . 001 .a 
.001 
"003 - .007 
- .OB - .a1 
-.a1 - .011 
"Oll - . 011 - .011 
-.m - ,011 
-.On 
-.a1 
-.a1 - 0011 
-.on 
-.011 
"Oll 
-.a1 
-.on -.on 
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TAELE I. - ELAIE ORDITWCES - Concluded 
(c) Tip  section (8-inch MUS). 

Leading edge of rotor hub 

Axis of r o t a t i o n  

Tip chord line 

X TU I Y1 
I 

0 
.le 
.210 
.315 
.368 
.I420 
.473 
.525 
.630 
.735 
.788 
.&O 
.9h5 

1.60 
1.103 
1.155 
1.260 
1.365 
1 .bob 
1 .h70 
1.575 
1,680 
1.785 
1.890 
1 * 995 

0 .006 
.012 
.017 
019 
.022 .a 
.026 
.031 
0036 
.037 
037 
037 
.038 
.038 
.038 

-039 
039 
.032 
.a3 
.os .009 .006 
.004 

039 

0 
- 0 0 0 9  - .OM 
027 

“033 
“039 
-.a5 
-.051 
-.059 -.a -.066 
-0c67 
-.067 
-0067 -.a -. 0% -. 063 -.060 
- . 6 9  
-.67 
-.63 
-.a7 
-.a1 
“033 - ,022 

I t - ““-N;ACA - a 
4-”- 
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M2 
82 
v2 
t;! 
p2 

w 
82 
v2 
t2 
p2 

(a) Velocity diagrams for air. y = 1.4. 

Figure 1.- Supersonic-compressor  velocity diagrams for tip,  pitch, and 
root sections. Initial conditions: Po = 211-6 lb/sq ft; To = 5200 R. 
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. 

- 4  

1.552 
59.92 
7h6 
5oc .2 
1L90 

(b) Estimated velocity diagrams for Freon-=. y = 1.125. 

Figure 1.- Concluded. 
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Figure 2.- Supereonic portion of a two-dimensional rotor blade. 
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Figure 3.- Arrangement of supersonic-compressor t e s t  rig. 



Figure 4.- Supersonic-compressor tes t  rig. 
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Figure 3 .- Guide-vane detal ls .  A l l  dlmenslom are in inches. 
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Figure 6 ,  - Test rotor w i t h  strain gages attached. 
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Position of survey probe, 
ture ,md pressure 

Figure 7.- Sectional view of test section of supersonic-compressor t e s t  
r i g  showing locat ion of instrumentation. All dimensions a re  in inches. 

. 
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L-74607 1 
Figure 8.- Dawnstream survey  probe, total-temperature rakes, and total- 

pressure rakes. 

r 



I 

.. 

. 

. .. 



. 

Equivalent  tip  speed , Ut/m,,fps 
0 810 
0 730 
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Total-pressure ratio, p5 - 
PO 

(a) Total-pressure r a t i o  against ef'f'iciency. 

Figure 10.- Rotor characteristics with guide vanes. Results were obtained 
in Freon-12. Flagged symbols represent mass-weighted values. 
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. (b) Total-pressure r a t i o  against Weight flow. 

Figure 10.- Concluded. 



30 

Root Tip 

.52 .54 .56 .58  .60 .62 . 6 4  .66 

Radius, f t  

(a) PRssWe-I'atiO  distribution. 
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Figure 11.- Radial var ia t ion of compressor parameters at an equivalent 
design t i p  speed of 730 f'ps i n  Freon-12 with guide vanes. 
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Figure 11. - Continued. 
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Figure ll. - Continued. 
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(a) Mass-flow distribution. Po = 413.7 lb/sq ft; To = 520.6' R. 

Figure 11.- Concluded. 
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(a) Mal-pressure r a t i o  against efficiency. 

Figure 12.- Rotor  characteristics  without @de vanes. Results were 
obtained in Freon-12. Plagsed symbols represent mass-weighted d u e s .  
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(b) Total-pressure  ratio  against weight f l o w .  

Figure 12.- Concluded. 



36 

Root Ti p 

TotaCprassura  ratio across  rotor, 

atic-pressure  ratio across rofor, 

.- 0 
c 
e 
?! 
E e "O-FFiXd mkas 

- -0- Survey p r o k  

- "- Estlmuted 

- 
n 

1.4 - 

- " 

1.2 - - 

- - 

1.0 =" - ___ - 
-" " "- - -" 

.8 - "1" 

" 

O U  

" 

Relative total - pressure recovery , - - 

.6 I I I t I I 1 I 
.50 52 5 4  .56 .58 .60 .62 . 6 4  

Radius, f t  

(a} Pressure-ratio dist r ibut ion.  

Figure 13. -  Radial variation of compressor  parameters at an equivalent 
design t i p  speed of 730 f p s  in Freon-12 without guide vanes. - 
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(b) Mach number distributions. 

Figure 13.- Continued. 
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( c )  Angle distribution. 

Figure 13.  - Continued. 
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(d)  Mass-flow dis t r ibu t ion .  Po = 462.0 lb/sq ft; To = 523.9 R. 

Figure 13. - Concluded. 
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Figure 14.- Effect of t h r o t t l e  on compressor p a m e t e r s  at mean radius 
at an  equivalent design tip speed of DO f p s  i n  Freon-12 without 
guide vanes. 
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Figure 16.- Rotor characteristics without guide vanes. Results are con- 

verted t o  air. 
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(b) Total-pressure r a t i o  against weight flow. 

Figure 16. - Concluded. - 
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